Abstract Membrane bioreactors (MBRs) for wastewater treatment offer the advantage of a complete removal of solids from the effluent. The secondary clarifier is replaced by a membrane filtration and therefore high biomass concentrations (MLSS) in the reactor are possible. The design of the aeration system is vital for an energy efficient operation of any wastewater treatment plant. Hence the exact measurement of oxygen transfer rates (OTR) and α-values is important. For MBRs these values reported in literature differ considerably. The OTR can be measured using non-steady state methods or using the off-gas method. The non-steady state methods additionally require the determination of the respiration rate (oxygen uptake rate ≡ OUR), which usually is measured in lab scale units. As there are differences of OUR between lab scale and full scale measurements, off-gas tests (which do not require an additional respiration test) were performed in order to compare both methods at high MLSS concentrations. Both methods result in the same average value of OTR. Due to variations in loading and wastewater composition variations of OTR in time can be pointed out using the off-gas method. For the first time a comparison of different oxygen transfer tests in full scale membrane bioreactors is presented.
Introduction
About 70% of the total energy consumption of a municipal WWTP is used for oxygen supply. The aeration facility is vital for an efficient operation of a wastewater treatment plant (WWTP). Usually its design is based on the oxygen demand in consideration of the α-value. In membrane bioreactors (MBRs) different magnitudes of α-values, presumably due to high biomass concentrations (MLSS), are reported (e.g. α = 0.37 (Guender, 1999) ; α = 0.6 ± 0.1 (Cornel et al., 2001) at 12 kg/m 3 MLSS respectively). Therefore the exact measurement of the oxygen transfer rate (OTR) is essential.
The OTR can be measured using non-steady state methods (absorption and desorption) as well as using the steady state off-gas method. The non-steady state methods additionally require the determination of the respiration rate, which is usually performed in lab scale units. On measurement campaigns in MBRs the Institute WAR spotted differences in the oxygen uptake rate (OUR) between lab scale and full scale measurements up to 40%. Accordingly the estimated values of OTR deviates.
With respect to such discrepancies a comparison of oxygen transfer tests under process conditions in full scale membrane bioreactors using non-steady state methods and using off-gas technique were performed. The off-gas technique offers the advantages of differentiation in location and time and the abandonment of respiration tests.
Fundamentals of oxygen transfer tests The oxygen transfer rate (OTR in kg/h) describes how much oxygen (kg) is dissolved per hour in clean water (or in mixed liquor) at 0 mg/l dissolved oxygen (DO). For measurement of OTR several methods can be taken in account:
• Non-steady state methods (absorption or desorption) • Steady state method (off-gas method)
Non-steady state methods Oxygen transfer is described by the known Eq. (1) (ATV, 1996) :
The above equation is valid for clean water tests and for measurements in process water. The parameters k L a (resp. k L a f in mixed liquor), c 0 , c ∞ * (resp. c R in mixed liquor) are determined by oxygen transfer tests. In mixed liquor only the DO value in process water at respiration rate (c R ) can be measured. Therefore the OUR has to be measured in order to determine c R (Eq. (2)):
where: c R = DO value at steady state in process water at uptake rate OUR [mg/L].
In Figure 1 the fundamentals of oxygen transfer tests are depicted. Figure 1 shows that OUR is necessary for application of non-steady state methods. By knowing the DO saturation concentration and k L a f (k L a for clean water) the OTR can be calculated using Eq. Performing the absorption method under process conditions the oxygen level is decreased by the respiration of the microorganisms. The subsequent increase of the oxygen level after the aeration has started is measured in the same manner as in clean water. Using the desorption method the DO content is first increased by pure oxygen and afterwards the decrease of
OUR mg / L Figure 1 Fundamentals of oxygen transfer tests using non-steady state methods
[ ] the oxygen level is measured. For both non-steady state methods it is compulsory to maintain constant respiration rates, therefore usually the inlet and effluent have to be shut off (otherwise the change in OUR, the flow rates -influent, effluent and return sludge -with the respective DO concentrations have to be taken into account). During the measurements reported in this paper the inlet and effluent were shut off.
Off-gas method
An alternative possibility for determination of OTR is the off-gas method. The off-gas technique offers the advantages of differentiation in location and time and the abandonment of respiration tests. This method is performed at real in-process conditions without shutting off inlet and effluent of the aeration tank. However, this method can only be performed at DO concentrations below 50% of the saturation concentration (because the difference between DO and oxygen saturation concentration (c s -c) is used for calculation of OTR, leading to increasing uncertainties with decreasing differences) and at low air flow rates (measurable difference of oxygen amount between ambient air and off-gas). This method estimates the oxygen transfer capability by balancing the amount and the concentrations of oxygen (O 2 ) and carbon dioxide (CO 2 ) from the ambient air and from the off-gas of the aerated volume. The respiration can be calculated by Eq. (4): (4) where:
Thus a gas capture hood is used to obtain representative gas samples of the tank. The oxygen concentration of the ambient air and off-gas air is measured by a gas analyser. Additionally the gas flow (inlet air and off-gas air flow) and the DO has to be measured. Oxygen transfer rates at two full scale MBRs in Germany were measured (fine bubble aeration systems) with the non steady state method (absorption and desorption method) and with the off-gas method. The tests have been performed in accordance to European Standard pr EN 12255-15 (1999) and German leaflet ATV-M 209 (1996) .
Respirometric measurements
The respiration tests were performed in hermetically sealed lab scale units (0.25 L). An oxygen probe measured the subsequent decrease of the oxygen level. From the slope of the DO reduction vs. time the OUR can be calculated using Eq. (5): (5) where:
In addition in-process respiration measurements inside the aeration tank were performed. Therefore the inlet and effluent were shut off and the mixers were in use in order to oppose the sedimentation of the sludge. The OUR also can be calculated using Eq. (5).
Comparison of methods of OUR determination
In Figure 2 the measured respiration rates of five test-runs in municipal MBRs are compared. It can be seen that the oxygen uptake rate (OUR) in full scale aeration tanks is always lower as in lab scale units, on average about 20%. The estimated OURs range from 10 to about 30 mg/(L·h). The grab samples for lab scale respiration tests were taken during the whole day of measurement respectively at high DO concentration in order to perform parallel tests in lab scale and in full scale. The respiration rates of both methods are constant during the day.
To seek out the true respiration rate, investigations of the theoretical saturation concentration (calculated at half the depth of submergence of the diffusers) and the measured saturation concentrations in consideration of the OURs in lab and full scale were performed (using Eq. (2)). For calculation of the theoretical saturation concentration Eq. (6) is used (ATV, 1996) : (6) where: d e = depth of submergence of the diffusers [m] In Table 1 the results from respiration tests of two full scale municipal MBRs are shown. The table contains the respiration rates from lab and full scale measurement (column 1 and 2), the deviation between the two (column 3), the "theoretical" saturation concentrations as per Eq. (6) (column 4) and the calculated saturation concentrations according to Eq. (2) from full scale and lab scale measurements (column 5 and 6). Furthermore the deviation value between the calculated full scale saturation concentration and lab scale saturation concentration are given (column 7). Although the deviation in OUR is 15-38% (column 3) the impact on the saturation concentration is "only" 2-10% (column 7).
Comparing the lab scale and full scale saturation concentration with the "theoretical" saturation concentration respectively, indicate that the aeration tank measurements are in better accordance to the "theoretical" values, deviating positive and negative with a maximum of ± 4%, whereas the lab scale results systematically tend to be to high up to 14% (Table 2) . Hence the full scale respiration rates seem to be more likely the "true" values. As the OTR is directly proportional to the saturation concentration (Eq. (3)), the differences in the estimated OUR-values (lab scale minus full scale) affects the calculated OTR. The sensitivity of the impact depends on the respiration rate. The higher the respiration rate the higher is the impact on the OTR as shown in Figure 3 . Pictured is the change of OTR in dependence on the OUR for different deviation values.
For municipal MBRs the given range indicates overestimations in OTR of about 5 to 15%, when the OUR of lab scale measurements is used for the calculation of the DO saturation concentration and thus OTR.
Comparison of methods of oxygen transfer rate (OTR) determination
To verify the above statement of "true" values as a result of full scale respiration rate measurements, the results of the absorption (resp. desorption) measurements were compared with the steady state off-gas method. Figure 4 shows the results of the OTR-tests under process conditions in an industrial full scale MBR. Performed were desorption tests by use 3.8 13.9 -1.7
1.1 -1.1 0.6 -2.8 2.6 1.8 6.1 Figure 3 Sensitivity analysis of the deviation in measurement of OUR and impact of resulting OTR of pure oxygen (desorption method) and off-gas tests using a capture hood. Depicted is the volumetric OTR (at standard conditions) at different specific air flow rates.
The measurements with the off-gas method were performed with higher specific air flow rates because of the use of a floating collection hood in an activated sludge tank with circulation. The capture hood sampled the gas only above the aerated field; therefore the specific air flow rate is higher than for the desorption method, where air flows are based on the whole aeration tank volume. Nevertheless, both methods result in almost the same outcome of mean OTR, as the linear relationship between OTR and air flow rate is well known.
The similar plot comparing absorption method and steady state off-gas method for a municipal full scale MBR is shown in Figure 5 . The air flow rates using both methods are similar in that case, because the aerated tank is covered and the total off-gas of the tank is used for the measurements. It can be seen that with both methods comparable OTR results are obtained.
The apparently scattering of the OTR-values determined by the off-gas method is a result of variations in time as shown in Figure 6 , where for example the OTR in a full scale MBR during one day of measurement with the off-gas method indicates a range of S. Krause et al.
174 Figure 4 Comparison of off-gas method and desorption method in an industrial full scale MBR Figure 5 Comparison of off-gas and absorption methods in a municipal full scale MBR ± 60 g/(m 3 ·h). The result points out the big advantage of the off-gas method, being able to record exactly the time-variation of the OTR.
Conclusions
Owing to the described discrepancies in determination of the respiration rate, which is essential for the non-steady state methods, the quality of oxygen transfer measurements in full-scale MBRs are affected. Differences up to 40% between lab scale and full scale respiration tests were observed. The resulting impact of the deviation on the OTR is in dependence of the OUR up to 15%. Investigations of the theoretical saturation concentration (calculated at half the depth of submergence) and the measured saturation concentrations in consideration of the OURs in lab scale and full scale showed that the full-scale respiration tests are more likely to give the "true" results. Therefore respiration tests should be executed full scale (inside the aeration tank) and not in a lab scale unit. This can only be performed in tanks equipped with mixers.
Using non-steady state methods the inlet and outlet have to be shut off to obtain constant respiration rates. Thus this method reflects only a snapshot.
The off-gas technique offers the advantages of the abandonment of respiration tests and differentiation of OTR in time. The resultant OTR vary because of variations of the loading feed. But this method only can be applied at DO concentration below 50% of the saturation concentration and at low air flow rates (measurable difference of oxygen amount between ambient air and off-gas).
Nevertheless the investigation shows that both methods (non-steady state and steady state method) can be applied in MBRs with high MLSS. The average values of both methods, non-steady state (using full scale respiration tests) and off-gas method, result in about the same outcome for OTR in full scale MBRs at high MLSS.
Because of the differentiation in time and the abandonment of respiration tests using the off-gas method, this method should be applied at boundary conditions mentioned above. At high specific air flow rates the non-steady state methods should be performed, but the respiration tests should be executed in the aeration tank if possible. Otherwise the resultant OTR may be overestimated.
